When a solution containing xylose and L-lysine is heated under weakly acidic conditions, it turns brown by the Maillard reaction. We isolated here two novel yellow compounds from a heated solution containing xylose and lysine, and identified pyrrolyl-methylidenepyrrolone derivatives named dilysyldipyrrolones A and B. Their chemical structures were elucidated by instrumental analyses as 6-
The Maillard reaction of reducing sugars with amino acids or protein is of great importance to the quality of heated or stored food. Foods derived from plants contain pentose in addition to hexose. It is well known that pentose contributes more to browning by the Maillard reaction than hexose does, because the oxo or reducible form of sugars is higher in pentose than hexose. 1) 5-Hydroxymethylfurfural (HMF) is one of the major decomposed products of hexoses such as glucose and fructose under acidic conditions, 2) while furfural is the corresponding product of pentoses and is also formed by the decomposition of ascorbic acid.
3) The decomposition of the reaction products of hexose, especially glucose, by the Maillard reaction have been extensively examined, while data on the reaction products of pentose and furfural are few.
Our group has shown that furfural is a good indicator of the browning of orange juice, which is rich in ascorbic acid, during storage. 4, 5) Our group recently isolated and identified novel yellow compounds named furpipate and 5-hydroxymethylfurpipate (1 and 2; Fig. 1 ) in a heated solution respectively containing furfural and HMF in the presence of lysine. 6, 7) In addition to these compounds, several colored reaction products of furfural 8, 9) and pentose [10] [11] [12] [13] [14] have been reported (Fig. 1) . For example, a yellow compound (3) 8) was formed by the reaction between furfural and proline, while red compounds (4) were formed by the reaction between furfural and alanine. 8, 9) A yellow compound (5) has been identified in a heated solution containing lysine and xylose. 10) Furthermore, a blue pigment (8) turning brown by heating has been identified from a reaction mixture of xylose and glycine. 13, 14) However, data on the browning of xylose and amino acids and their reaction products are few. We here describe the isolation of two novel yellow compounds from a solution containing xylose and lysine under weakly acidic conditions, and identification of the compounds named dilysyldipyrrolones A and B which possess a partial structure of pyrrolyl-methylidenepyrrolone.
Material and Methods
Instrumental analyses. Spectroscopic measurements were made by using the following instruments: spectrophotometry (U-3310, Hitachi, Tokyo, Japan), NMR (AVANCE 800, Bruker Biospin, Karlsruhe, Germany), electron impact mass spectrometry (EI-MS; JEOL JMX-102/JMX-DA 6000, Tokyo, Japan), and electrospray ionization mass spectrometry (ESI-MS; FT-ICR, ApexII 70e, Bruker Daltonics, Billerica, MA, USA). 
and L-Val) was heated at 95 C for 3 h. Browning was estimated by the absorbance at 450 nm.
Isolation of XL-O1, dilysyldipyrrolone A (XL-W1) and dilysyldipyrrolone B (XL-W2) from a heated solution of xylose and lysine. A solution (400 ml) containing 90 mM L-Lys and 90 mM xylose was autoclaved at 121 C for 20 min, before being cooled to room temperature and extracted five times with ethyl acetate. The ethyl acetate layer was used for isolating XL-O1, while the remaining water layer was used for isolating XL-W1 and XL-W2.
The ethyl acetate layer was concentrated in vacuo and applied to preparative HPLC under the following conditions: pump, L-6000 (Hitachi, Tokyo, Japan), column, Mightysil RP-18 (i.d. 20 mm Â 250 mm; Kanto Chemical, Tokyo, Japan); eluent, 0.1% trifluoroacetic acid and MeOH (1:1); flow rate, 9.99 ml/min; detector, L-4200 (Hitachi, Tokyo, Japan); wavelength for detection, 400 nm. A peak at a retention time of about 18 min was collected and concentrated in vacuo. WL-O1 (0.6 mg) was obtained as a greenish yellow paste.
The water layer was concentrated in vacuo and applied to a column of ODS (i.d. 20 mm Â 100 mm; Chromatorex, Fuji Silycia Chemical, Kasugai, Japan). After being washed with 100 ml of water, the column was successively developed with a mixture of water and MeOH y To whom correspondence should be addressed. Tel: +81-3-5978-5753; Fax: +81-3-5978-5755; E-mail: murata.masatsune@ocha.ac.jp Abbreviations: HMF, 5-hydroxymethylfurfural; EI-MS, electron impact mass spectrometry; ESI-MS, electrospray ionization mass spectrometry; COSY, correlation spectroscopy; HSQC, heteronuclear single-quantum correlation; HMBC, heteronuclear multiple-bond correlation; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser enhancement and exchange spectroscopy (water: MeOH ¼ 90:10 to 85:15) were collected and concentrated in vacuo, before being applied again to a column of ODS (i.d. 10 mm Â 50 mm; Chromatorex, Fuji Silycia Chemical). After being washed with 20 ml of water, the pigment was eluted with 20 ml of a mixture of water and MeOH (50:50). The yellow solution was collected and concentrated in vacuo, before being applied to preparative HPLC under the following conditions: pump, Hitachi L-6000; column, Mightysil RP-18 (i.d. 20 mm Â 250 mm, Kanto Chemical); eluent, water and MeOH (8:2); flow rate, 9.99 ml/min; detector, Hitachi L-4200; wavelength for detection, 400 nm. Peaks at retention times of about 9 min and 14-15 min were each collected and concentrated in vacuo. WL-W1 (4 mg) and WL-W2 (2 mg) were obtained as an orange powder.
Analysis of XL-O1, XL-W1, and XL-W2 by HPLC. XL-O1, XL-W1, and XL-W2 were analyzed by HPLC (Agilent 1100 series, Tokyo, Japan). The HPLC conditions were as follows: pump, Agilent 1100 series; column, Mightysil RP-18 (i.d. 4:6 mm Â 250 mm, Kanto Chemical); eluent, a linear gradient of 2% MeOH in water and MeOH (from 100:0 to 30:70 for 30 min); flow rate, 1.0 ml/min; column temp., 50 C; detection, diode array detector (Agilent 1100 series); wavelength for detection, 200-500 nm (400 nm for quantification). XL-W1, XL-W2, and XL-O1 were respectively detected at retention times of about 9.3 min, 10.4 min, and 23.4 min as isolated peaks.
Physico-chemical properties of XL-W1, XL-W2, and XL-O1. XL-O1 was soluble in MeOH and slightly soluble in water. UV max ("): 1 H-and 13 C-NMR data are summarized in Table 2 .
Estimation of color intensity. After a 0.5 M acetate buffer (pH 5.0) containing 30 mM xylose and 30 mM L-lysine had been heated at 95 C for 1 h, it was used as a test solution. The color intensity was estimated by the color dilution method, 15) aqueous solutions of the pigment being successively diluted. An aliquot (300 ml) was put into a 96-well microplate. The detection limit for each compound or a test solution for color was visually estimated by the triangle difference test, using four panelists. The color activity of a compound in a solution was calculated as [compound concentration (mg/ml)]/[its detection limit (mg/ml)]. The contribution of a compound to total color (%) was calculated by [color activity of the compound in a test solution]/ [detection limit of the test solution (dilution ratio)] Â 100.
Results and Discussion
Effect of amino acids on the browning of xylose We first compared amino acids on this browning potency in the presence of xylose under weakly acidic conditions. Each compound was dissolved in a 0.5 M acetate buffer (pH 5.0), because, in general, foods derived from plants are weakly acidic. Each amino acid was mixed with xylose and heated. The solution containing L-lysine and xylose turned brown the most intensively (Fig. 2) . Next to L-lysine, the values were high in the solutions containing L-tryptophan and L-histidine. ) or Pentoses (5, 10) 6, 11) 7, 12) and 8 13) ) and Amino Acids. 
Isolation and identification of XL-W1 (dilysyldipyrrolone A) and XL-W2 (dilysyldipyrrolone B)
We examined the reaction product of xylose and L-lysine by HPLC with a diode array detector. Figure 3 shows a typical HPLC pattern of the heated solution of xylose and L-lysine. Several peaks appeared on the chromatogram by the absorbance at 400 nm, those at retention times of about 9.3 min, 10.4 min and 23.4 min being the major ones which are respectively designated as XL-W1, XL-W2, and XL-O1.
XL-O1 was extracted with ethyl acetate and isolated by preparative HPLC. The solution of XL-O1 was yellow, the absorption maximum being 358 nm by DAD-HPLC. This result suggests that XL-O1 was 2-furfurylidene-4-hydroxy-5-methyl-3(2H)-furanone (5), because 5 has been isolated from the extract of a heated solution containing xylose and lysine and showed an absorption maximum at about 360 nm.
10) The proton NMR data and molecular weight of XL-O1 coincided with those of the literature. XL-O1 was thus identified as 2-furfurylidene-4-hydroxy-5-methyl-3(2H)-furanone.
XL-W1 was not extracted by organic solvents and was purified by chromatographic procedures. The solution of XL-W1 was yellow. The absorption maxima were at 440 nm under acidic and alkaline conditions, although the shapes of the UV absorption spectra were a little different (Fig. 4A) . MS data showed that its molecular weight and molecular formula were 448 and C 22 H 32 N 4 O 6 , respectively. The molecular formula suggests that XL-W1 had been formed from 2 molecules of L-lysine and 2 molecules of xylose by dehydration of 8 molecules of H 2 O. The NMR data are summarized in Table 1 ) derived from the -methine group of an L-lysine residue were coupled with a carbon at c 120.5 (C-8) and 138.0 (C-11), showing that the -amino group of an L-lysine residue was connected to two carbons (C-8 and C-11). Similarly, the protons at H 3.93 (H-6 0 ) derived from the "-methylene group of an L-lysine residue were coupled with a carbon at c 126.0 (C-5) and 159.0 (C-2) , showing that the "-methylene group of an L-lysine residue was connected to two other carbons (C-2 and C-5). Methyl protons at H 2.36 (H-12) were coupled with a quaternary carbon at c 159.0 (C-2) and a methine carbon at c 103.4 (C-3), showing the connection of C-12, C-2, and C-3. A proton at H 5.68 (H-3) was coupled with carbons at c 159.0 (C-2), 173.0 (C-4), and 126.0 (C-5). This indicates the connection of C-2, C-3, C-4, and C-5. This structure explains why the H-3 proton was changeable with deuterium in D 2 O, because H-3 is a sp 2 proton adjacent to a carbonyl group. An olefinic proton at H 7.14 (H-6) was coupled with carbons at c 173.0 (C-4), 126.0 (C-5), 120.5 (C-8) and 163.3 (C-9). As already described, C-5 and C-8 were respectively connected to "-and -nitrogen atoms of L-lysine residues. An olefinic proton at H 7.14 (H-6) was coupled with 126.0 (C-5) and 120.5 (C-8). This result indicates the connection of "-nitrogen, C-5, C-6, C-8, and -nitrogen. The configuration of a double bond between C-5 and C-6 was then determined by the nuclear Overhauser effect (NOE). NOE was observed between the protons at H-2 00 and H-6 by nuclear Overhauser enhancement and exchange spectroscopy (NOESY; Fig. 5 ). These results enabled the chemical structure of XL-W1 (Fig. 6) (E)-2-methylidene-5-methyl-1,2H-pyrrol-3-one-1-ly]-(S)-2-amino-hexanoic acid. Judging from this structure, the chiral center of L-lysine was not involved in the formation of XL-W1 and the configuration of L-lysine was retained. The numbering used in this nomenclature is not based on Table 1 and Fig. 6 , but instead on the IUPAC system. To ascertain this structure, HMBC between the protons and nitrogens was examined as shown in Fig. 5 . This compound is a novel pigment possessing two lysine residues and a pyrrolyl-methylidene-pyrrolone structure, and is named as dilysyldipyrrolone A. A compound having a similar chromophore to dilysyldipyrrolone A, 1-N-butyl-4-hydroxy-5-methyl-2-(N-butyl-3-hydroxy-5-(2-hydroxyethyl)pyrrolyl-2-methylidene)-2H-pyrrolin-3-one, has been reported in a reaction mixture of glucose, butyl ammonium acetate, and acetic acid.
16)
The solution of XL-W2 was yellow. The absorption maxima were at 440 nm under acidic and alkaline conditions. The shapes of the UV absorption spectra were similar to those of dilysyldipyrrolone A (Fig. 4B) . The MS data show that its molecular weight and molecular formula were 448 and C 22 H 32 N 4 O 6 , respectively, these being the same as those of dilysyldipyrrolone A. The NMR data are summarized in Table 2 , again being similar to those of dilysyldipyrrolone A. These results indicate that dilysyldipyrrolone B had the same chromophore as that of dilysyldipyrrolone A and was a similar compound to dilysyldipyrrolone A. In the NMR data of dilysyldipyrrolone A, the "-methylene groups and -methine groups of two molecules of the L-lysine residues respectively showed different chemical shifts. On the other hand, these groups of dilysyldipyrrolone B respectively showed similar chemical shifts, the chemical shifts of the "-methylene groups ( H 3.92 and 3.99) being shifted to a low-magnetic field compared with those of L-lysine. These data strongly suggest the chemical structure of dilysyldipyrrolone B to be the same as that of dilysyldipyrrolone A, except for the two "-amino groups of two lysine residues being connected to carbons in a chromophore in dilysyldipyrrolone B, while the -and "-amino groups of two lysine residues were connected to carbons in a chromophore in dilysyldipyrrolone A. The NMR data from COSY, HMBC, and NOESY support this structure. Thus, the chemical structure of XL-W2 was determined as 6- (Fig. 5 ).
Color contribution of dilysyldipyrrolones A and B The color intensity of dilysyldipyrrolones A and B, XL-O1, and a heated solution of lysine and xylose were evaluated. The detection limits for dilysyldipyrrolones A and B and XL-O1 were 2.9, 3.6, and 12.5 mg/ml. The heated solution respectively contained 3.7, 9.0, and 0.16 mg/ml of dilysyldipyrrolones A and B and XL-O1. The detection limit for this solution was 25-fold dilution. These results show that dilysyldipyrrolones A and B and XL-O1 contributed to about 5.2, 9.9, and 0.05% of the total color of the solution, respectively. Dilysyldipyrrolones A and B were the major low-molecular-weight pigments in the solution.
In conclusion, two novel pyrrolyl-methylidene-pyrrolone derivatives, named as dilysyldipyrrolones A and B, were isolated and identified as the major yellow pigments in a heated solution of xylose and lysine. 
